. In addition, we made Cys mutations the PIP 2 interaction with a channel, the slower is the at the 12 putative PIP 2 -interacting residues ( Figure 1C , inhibition. We found that the mutant channels H53Q, marked with "*" or "?"). Cys mutations tested the impor-K182Q, K185Q, R218Q, K219Q, R228Q, and R312Q have tance of these residues for PIP 2 binding by (1) providing significantly faster PIP 2 Ab inhibition than the wild-type, another neutral amino acid besides Gln and (2) being suggesting that the interaction with PIP 2 is weakened able to introduce back a charge of each mutated residue by each mutation. The size of the whole-cell current for using Cys-modifying reagents (see next section). The each mutant correlated well with the kinetics of PIP 2 AbCys mutations of basic residues were made in the backinduced inhibition ( Figure 1C) ; strong channel-PIP 2 interground of a control channel (IRK1J), where six native actions produced larger currents than weak interacCys residues were mutated in order to avert irreversible tions. This correlation suggests that the decrease in current inhibition after treatment with internal thiol-spechannel-PIP 2 interactions accounted for the decrease cific modifying reagents (Lu et al., 1999a) . This channel in function observed. One exception was K185Q, where (IRK1J) interacted with PIP 2 in a manner similar to the the mutation reduced the time required for half maximal wild-type channel ( Figure 2B ). Three of the amino acids current inhibition much more significantly than it did the that showed very little current when mutated to Gln whole-cell current. Seven of the mutants (R67Q, R82Q, exhibited enough current upon mutation to Cys to allow K187Q, K188Q, R189Q, R218Q, and H271Q) produced reliable assessment of poly-Lys inhibition kinetics (R67, very little whole-cell current, indicating a crucial impor-K187, and K188). On the other hand, one of the amino tance of those residues for the functional integrity of acids that could be assessed when mutated to Gln the channel but preventing T 50 measurement in five of showed no current when mutated to Cys (K182). Althem ( Figure 1B , marked with "?"). Because of the correthough the PIP 2 interactions with H271Q mutant were lation between whole-cell current and channel-PIP 2 innot assessed by PIP 2 Ab inhibition due to the very small teractions, the small current observed with these mucurrent levels, it was possible to assess this mutant by tants suggests that these are potentially important sites the faster kinetics of poly-Lys inhibition. Two residues for maintaining strong PIP 2 interactions with the channel.
(R82 and R189) still could not be assessed because We used alternative methods (see next two result secthe Cys mutants did not show detectable membrane tions) to assess the importance of these residues. current. four subunits into a tandem tetramer was used (Lu et 12 identified mutants showed significantly stronger PIP 2 interaction after MTSEA was covalently bound to the al., 1999a). We constructed tandem tetramers where channel (Figure 3 ). This effect seemed more pronounced three control channel subunits (IRK1J) were linked to on the Lys residue mutants, consistent with the fact that one mutant subunit ( Figure 2C ). The R218C and R67C a Cys covalently bound to MTSEA is more similar to a monomer mutant channels were shown to strongly afLys than to an Arg residue. A similar but less dramatic fect poly-Lys inhibition kinetics (Figure 2 ) and were also effect was observed when the larger methanthiosulfostudied for comparison purposes in the tandem tetramer nate ethyltrimethylammonium (MTSET) was used inconstruct bearing a single mutant subunit. For these stead of MTSEA (see H53C mutant in Figure 3C ). Moretetrameric constructs, we were able to see significantly over, an inhibition of the current was observed after the faster kinetics of inhibition compared to control, even negatively charged methanethiosulfonate sulphonatowith a single mutation present in the channel. For R189, ethyl (MTSES) was applied to the H53C mutant channel. the mutation in the tetramer made the inhibition signifiPoly-Lys inhibition after MTSES application was "instancantly faster than control, but the R82 mutation did not taneous" (Ͻ1 s), suggesting weaker interaction with PIP 2 have an effect in channel-PIP 2 interactions, suggesting when a negative charge is present at the 53 position a PIP 2 -independent control on channel activity by this (data not shown). This result suggests that not only mutation. This result cautions that small whole-cell curcharge but also the characteristics and positioning of rents do not necessarily imply weaker channel-PIP 2 inthe charged group are important for interactions with teractions.
Polylysine Inhibition Correlates
PIP 2 . inaccessibility of these residues to MTSEA or to the 4A), we proceeded to evaluate whether the residues that affected PIP 2 -Kir2.1 interactions served the same role in requirement of a particular residue at that position, we mutated these sites to other positive charged residues other channels, such as Kir1.1. We tested the effects of corresponding neutralizing mutations in Kir1.1. The resi-(R67K, R312K, H271K, H271R). In the cases of R67K and R312K, the alternative positively charged residues dues in Kir1.1 corresponding to Kir2.1(R67) and Kir2.1(R228) are not positively charged and thus were not tested. increased PIP 2 -channel interaction, but the interaction was weaker than for the wild-type channel. T 50 for polySimilarly, the equivalent residue to Kir2.1(R189) (R188 in Kir1.1) has already been shown to affect Kir1.1-PIP 2 Lys inhibition was 25 Ϯ 5 s (R67K, n ϭ 4) and 53 Ϯ 11 s (R312K, n ϭ 5) when compared to 4.7 Ϯ 0.9 s (R67C, interactions (Huang et al., 1998) , and it was not tested further. We found that mutations of 7 of the 9 residues n ϭ 4) and 20 Ϯ 3 s (R312C, n ϭ 11) for neutral amino acids mutations and 209 Ϯ 49 s for wild-type channels. tested in Kir1.1 had significantly weaker inhibition kinetics when compared to control ( Figure 4B ). Neutralizing For the H271 mutants, both mutations to other basic mutations in Kir1.1 residues that correspond to the residues were nonfunctional, suggesting that factors Kir2.1-PIP 2 interacting residue K188 did not affect other than the charge of the residue were important for Kir1.1-PIP 2 interactions. In Kir2.1, K188 mutations the weakening effect of the neutralization mutations at showed large weakening effects on channel-PIP 2 interthis position and implying that this residue does not actions ( Figure 2 ). Because of this difference between share electrostatic interactions with PIP 2 . Mutations at Kir2.1 and Kir1.1 channels in PIP 2 interactions, we tested the H271 residue had a more dramatic effect in wholeanother candidate neighboring residue in Kir1.1 for poscell current ( Figure 1B ) than in channel-PIP 2 interactions sible interactions with PIP 2 . The equivalent residue to ( Figure 2B ), suggesting that the effect of this mutation Kir2.1(E191) is a Lys in Kir1.1. This basic residue is is not fully accounted for by the observed decrease in unique to the Kir1.1 channel at this position, and it also channel-PIP 2 interactions. The K182C mutant was nonaffected Kir1.1-PIP 2 interactions when mutated to Glu functional both before and after MTSEA application. To (for poly-Lys inhibition: T 50 ϭ 18 Ϯ 7 s [n ϭ 3] and 174 Ϯ assess the importance of the charge at this position, 27 s [n ϭ 11] for the Glu mutant and wild-type channels, we mutated the residue to another positively charged respectively). These results indicate that although neuamino acid (K182R). K182R was also nonfunctional, sugtralization of the Kir1.1 residue equivalent to the Kir2.1 gesting that the charge per se of this residue was not residue K188 showed no significant effects on channelimportant for maintaining these interactions. These re-PIP2 interactions, a neighboring basic residue served a sults imply that both H271 and K182 do not share elecsimilar role in Kir1. Figures 1, 3 , 2002, Biophys. J., abstract; T.R., C.M.B.L., T.J., D.E.L., unpublished data). Kir2.1 has been shown to be specific and 4). The decrease in whole-cell current observed for these mutants correlated well with the faster kinetics of to PI(4,5)P 2 when compared to PI(3,5)P 2 , PI(3,4)P 2 , and PI(3,4,5)P 3 (Rohacs et al., 1999) . PIP 2 Ab inhibition ( Figure 1C ), suggesting that decrease in channel-PIP 2 interactions caused loss of function. In We could not measure any currents from either the H271Q or the R312Q equivalent Kir1.1 mutants. Consisorder to gain insight on the molecular mechanisms underlying these diseases, we studied in greater detail the tent with our findings, the Kir1.1 channel lacks activity when the equivalent residue to Kir2.1(H271) is mutated charge dependency of PIP 2 interactions for these sites. For Kir2.1 and Kir1.1, there is a large decrease in PIP 2 either to a neutral or to a positively charged amino acid (Chanchevalap et al., 2001). When we mutated the resiinteractions when these residues are mutated to neutral amino acids ( Figure 5A ). For both channels and sites, due equivalent to R312 to a Lys, we found that the mutated channel had weaker interaction with PIP 2 than the Lys mutant had a stronger interaction with PIP 2 than that of the neutral mutant, suggesting the existence of the wild-type channel, a similar effect to that obtained by the corresponding mutation in Kir2.1 ( Figure 5A ). This electrostatic interactions of these sites with PIP 2 ( Figure  5A ). A similar strengthening of channel-PIP 2 interaction result suggests that the charge at this position is not the only important factor for channel-PIP 2 interactions was observed for the Kir2.1(R218C/R312C) mutants when MTSEA was applied (see Figure 3C ). In addition, (see next section).
In summary, the majority of PIP 2 -interacting Kir2.1 for Kir2.1(R218C), when MTSEA was applied, reestablishing the residue charge, a large increase in current charges fulfill a similar role in Kir1.1. From the nine conserved charges between the two channels, only one was observed ( Figure 5B ). The Kir1.1(R311Q/W) mutants did not have enough current to be tested in inside-out (position 188) behaved differently. The interacting residue K188 in Kir2.1 was represented by the Lys resipatches, while the Kir1.1(R311K) mutant displayed large current levels, which allowed characterization. In addidue present in Kir1.1 in the equivalent position to Kir2.1(E191 
Expression of Mutant Subunits Affects
results show that mutations in R218 decrease PIP 2 affinity. The estimated EC 50 for each curve is 4.6 Ϯ 0.7 M Channel-PIP 2 Affinity Andersen's syndrome occurs either sporadically or as for wild-type channels (0:1 ratio), 12 Ϯ 2 M for the coinjection at a 1:1 ratio, and 19 Ϯ 3 M for the coinjecan autosomal dominant trait, where both mutant and wild-type subunits are expressed in the patient. We have tion at a 4:1 mutant to wild-type subunit ratio. The Hill coefficient for each curve was 1.2 Ϯ 0.2 for wild-type coexpressed Kir2.1 and the R218Q mutant channel in Xenopus oocytes at a 1:1 and a 4:1 mutant to wildand 1.0 Ϯ 0.1 and 0.9 Ϯ 0.1 for 1:1 and 4:1 ratio of coinjection with mutant subunits, respectively, not pretype subunit ratio. We examined the sensitivity of these channels to PIP 2 by applying to inside-out macropatches cluding that only one PIP 2 molecule binds to the channel. If more than one PIP 2 molecules binds to the channel, short chain water-soluble PIP 2 (DiC 8 ) at different concentrations (Rohacs et al., 2002) . The dose response of the then Figure 5C suggests that either PIP 2 binding sites are independent or the cooperativity is low. Kir2.1/R218Q channels to PIP 2 is right-shifted ( Figure  5C ) when compared to wild-type subunits expressed alone. A typical trace of application of 25 and 250 M Expression of Disease Subunits Confers Sensitivity to Agonist-Induced PIP 2 Hydrolysis DiC 8 -PIP 2 to a patch containing either wild-type channel or channels containing mutant subunits is shown on the The muscarinic (M1) receptor is known to couple to phospholipase C (PLC) through Gq. The substrate for bottom panel of Figure 5C . A concentration of 25 M PIP 2 gives close to maximum activation for wild-type PLC is PIP 2 . When M1 receptors and Kir channels are coexpressed in Xenopus oocytes and ACh is applied, channels but only activates about half of the maximum current for channels containing mutant subunits. These PIP 2 is hydrolyzed, and Kir currents can be inhibited Figure 6A and displayed in the expanded time scale in Figure 6C . Rare double openings of differof mutant subunits expressed, suggesting it depended on the number of mutant subunits present in the channel ent populations were observed, suggesting that these distinct kinetic channel behaviors were due to different ( Figure 5D ).
channel populations in the patch. Type I displays almost identical intraburst single-channel kinetics as wild-type Expression of Mutant Subunits Strongly Affects Channel Gating
Kir2.1 ( Figure 6C ). For the representative record shown, the mean open time was 170 ms and open probability We have expressed Kir2.1 and R218Q subunits in Xenopus oocytes and examined their unitary currents on cellwas 0.84. Nevertheless, type I has a much shorter burst duration, as can be visually seen in Figure 6 . There is attached patches. When Kir2.1 subunits were expressed alone, we observed channels with high open probability also a 30% decrease in single-channel conductance observed for this population when compared to wild-(P 0 ), long mean open time, brief closures, and long burst duration ( Figure 6A) The other four mutant channels (C49Y, I51T, A214V, and pressed in the patients. Two of the mutations (D71V and L220F) had significantly faster inhibition by poly-Lys, R218W) were shown to decrease current levels when suggesting weaker PIP 2 interactions with these channels coexpressed with wild-type subunits and showed no ( Figure 7C ). Our results suggest that a decrease in chancurrent when expressed alone (Plaster et al., 2001 ). We nel-PIP 2 interactions underlies the molecular mechacoexpressed wild-type with mutant subunits for mutanism of Andersen's and Bartter's syndromes when these tions occurring in each of the residues in the intracellular mutations are present in patients. domains of Kir2.1 (D71V, R218Q, G300V, E303K, ⌬314-315). Current levels were significantly decreased for wild-type channels (2 ng/oocytes) when coexpressed Discussion with each of the mutant subunits (2 ng wild-type and 2 ng mutant), showing that in all cases, the mutant subunit All Kir channels tested thus far have been shown to interact with PIP 2 . These interactions are crucial for was coassembling with the wild-type subunit ( Figure  7A Figure 4A ), suggesting that these 10 al., 1999). It will be important, once specific N-and C-terresidues are part of one or more PIP 2 binding sites. In minal interaction sites are mapped, to compare their addition to rigorously testing interactions of all conspatial localization to the PIP 2 -interacting basic residues served C-terminal basic residues in Kir channels with identified in our study. PIP 2 and identifying eight interacting sites (K185, K187, Our results do not exclude the possibility that electro-K188, R189, R218, K219, R228, and R312), the present static intraprotein interactions are reestablished with the study identifies important N-terminal PIP 2 interactions, application of positively charged Cys-modifying reas observed for H53 and R67. On the other hand, resiagents and that allosteric changes in protein conformadues where mutations to both positively charged and tion affect the channel-PIP 2 interactions, although this neutral amino acids had similar effects (i.e., H271 and possibility appears unlikely. Our reasoning for this inter-R182) do not seem to interact with PIP 2 . Charge neutralpretation stems from the observation that the residues ization of these two amino acids was not responsible that MTSEA modifies to strengthen channel interaction for the decrease in current levels and the weakening of with PIP 2 are water accessible, which argues against the PIP 2 -channel interactions observed. Thus, an allointraprotein interactions. Moreover, these mutated steric mechanism and possibly conformational changes channels before and after modification show similar that affect interactions with PIP 2 at different sites are functional properties (i.e., have the same kinetics of actilikely to be involved. These two residues that allosterivation and inward rectification properties as wild-type cally affect Kir2.1-PIP 2 interactions (K182 and H271) are channels). Thus, intraprotein allosteric effects are rather both present and cause a similar effect in Kir1.1, sugunlikely, as they would have to be large enough to exgesting that the structural consequences of these mutapose to the hydrophilic environment previously buried tions are conserved among these channels. There are residues without affecting basic channel properties. 10 Kir2.1 residues that form one or more PIP 2 binding sites. Eight of these amino acids are conserved in Kir1.1. Seven of these residues affect Kir1. Similarly, an increase in mean closed time, as we ob- (Xu et al., 1996) . We showed that when the charge of served, would be expected for the mutations that dethese residues is maintained, the interaction with PIP 2 crease PIP 2 interactions with Kir channels. Thus, a deis preserved (Figures 3C and 5A) We showed that the decrease in PIP 2 interactions with coexpression of a disease mutant subunit is coupled to Channel-PIP 2 Interactions as a Novel Mechanism an increase in sensitivity to Gq/G11 stimulation. This for Channelopathies leads to a further loss of channel function as a response PIP 2 -interacting residues are associated with channeloto these stimuli, which would exacerbate the disease pathies. Kir2.1 mutations in R218 (R218Q/W) have been phenotype under certain conditions. We speculate that associated with Andersen's syndrome, a disease charthis could be the mechanism underlying the periodic acterized by periodic paralysis, cardiac arrhythmias, paralysis observed in these patients. Moreover, an inand dysmorphic features (Plaster et al., 2001 ). Kir1.1 crease in sensitivity to stimulation could be a trigger for mutations in R312 (R312Q/W) are one of the genetic an increase in the severity of cardiac arrhythmias. defects associated with the antenatal variant of Bartter's Other mutations associated with both Andersen's syndrome, a disease characterized by polyhydramnios, syndrome (G300V and E303K) and Bartter's syndrome premature delivery, hypokalemic alkalosis, and hyper-(C49Y, I51T, A214V, L220F) allosterically affected chancalciuria (Schulte et al., 1999) . Mutations in both sites nel-PIP 2 interactions. These residues are all located near decrease channel-PIP 2 interactions. We showed that identified PIP 2 binding sites ( Figure 4A , marked in green). generally, and in particular for R218Q and R312Q, neuThe decrease in channel-PIP 2 interactions presents a tralizing mutations that affect channel-PIP 2 interactions novel mechanism to explain the pathophysiology of affect whole-cell current and strength of interaction in these diseases. The understanding of the molecular a similar way. This correlation suggests that the weakenmechanisms underlying channelopathies has very iming of PIP 2 interactions causes the observed decrease portant implications for the treatment and management in function. We showed that coexpression of wild-type of disease. Given the large number and high expression and R218Q mutant subunits shifts the affinity of the levels of Kir channels together with the variety of funcKir2.1 channel to PIP 2 . This implies that at a similar level tional roles they fulfill, PIP 2 -dependent channelopathies of membrane PIP 2 , a channel containing mutant subunits might prove to be common and to be present in other as would display lower activity. At the single-channel level, channels bearing mutant subunits show a dramatic deyet unidentified genetic defects linked to Kir channels.
Experimental Procedures
MTS reagents (Toronto Reasearch Chemicals) were stored at Ϫ20ЊC and were dissolved in bath solution prior to each experiment. MTSEA (2.5 mM), MTSET (2 mM), and MTSES (10 mM) were Molecular Biology All cDNA constructs were subcloned into the pGEMHE plasmid applied for 120 s and washed out for at least 100 s before polylysine was applied. Polylysine (300 g/ml) with an average molecular vector and used as described. Oocytes coexpressed with M1 and Kir2.1 cRNAs were injected with a 5:1 (M1:Kir2.1) ratio. Point mutants weight of 7 KDa was used. DiC 8 PIP 2 was purchased from Echelon Research Laboratories (Salt Lake City, UT). DiC 8 PI(4,5)P 2 was diswere produced by Pfu mutagenesis with a Quickchange kit (Stratagene, La Jolla, CA). Sequences were confirmed by DNA sequencsolved in bath solution to the indicated concentrations. PIP 2 antibody (Assay Technologies, Ann Arbor, MI) was diluted 1:50 in FVPP ing. Tetrameric cDNAs were constructed in three steps, as described previously (Lu et al., 1999a) . HA epitopes were introduced solutions. into Kir2.1 cDNA by sequential overlap extension PCR. The epitope (YPYDVPDYA) was inserted at position 117 of Kir2.1. cRNA was
